Keratocytes from the bovine cornea secrete a factor(s) that stimulates the prolifera tion of corneal epithelial cells. The novel finding of this study is that this stimulation was only achieved if the epithelial cells were already proliferating. Cells which had stopped growing could not be stimulated to re-enter the growth cycle. This stimu lation was not reciprocal; the growth of keratocytes was not stimulated by factor(s) secreted by the epithelium, whereas epithelial factors were able to stimulate the proliferation of thermocytes.
Stromal keratocytes from the rabbit cornea secrete a diffusible factor that stimulates the proliferation of corneal epithelial cells. 1 Since the rate of proliferation of epithelial cells increases greatly after wounding, and has been shown to be a biphasic process,2 we were interested in determining the effect of ker atocyte-derived factors on epithelial cells during the different phases of the cell cycle. It has also been reported that corneal epithelial cells secrete a thymocyte activating factor3 but it is not known whether the keratocyte derived factor(s) also activates thymocytes. This study, therefore, sets out to investigate the reciprocity of growth factors produced by corneal keratocytes and epithelial cells.
Materials and Methods

Preparation of Cultures
Bovine eyes were obtained from a local abattoir and used �4 hours post mortem. The front of the eye was gently scraped with a sterile scalpel to remove mucous and debris. The globe was bisected just anterior to the ora serrata and the lens and ciliary body removed. Each anterior section of six eyes, consisting of the cornea with a rim of sclera, was then taken through three washes of Dulbecco's phos phate buffered saline (DPBS) with antibiotics (250 U/ml penicillin; 250 [A-g/ml streptomycin; 100 [A-g/ml gentamycin) and antimycotics (7.5 [A-g/ml amphotericin B). Each cornea was placed, anterior side uppermost, on a cylindri cal mount and the centre depressed to form a hollow. A sequential digestion technique was used to obtain cells from different corneal layers. Trypsin-EDTA solution; 0.1 % trypsin type Ills (Sigma, Poole, UK), 0.02% EDTA, 5 mM glucose in phosphate buffered saline (PBS) without calcium or magnesium was placed onto the cornea and the preparation was incubated at 37°C for 30 minutes. After trituration with a sterile pasteur pipette the first digest was removed and discarded. The subsequent digests, taken at 30 minute inter vals, were placed in an equivolume of a tryp sin inhibitor solution containing DNase (0.1 % soya bean trypsin inhibitor type Is (Sigma), 50 r-tg/ml DNAase, 0.3% bovine serum albumen, 3 mM Mg2+, 5 mM glucose in PBS). The solu tion was triturated to break up clumps, cen trifuged (1,000 rpm for 5 min) and resuspended in the wash solution (DPBS with antibiotics and antimycotics). This procedure was repeated twice and the cells were finally resuspended in growth medium (DMEM) with 10% fetal calf serum (FCS), counted on a haemocytometer and plated out on collagen (type I, Sigma)-coated flasks at 2x 104 cells/ cm2• In primary culture the cells generally took between four to seven days to adhere to the substrate and thereafter grew to con fluence rapidly (within a further seven days). Cells from the second and third digests (60 and 90 min respectively) produced pure epithelial cultures (Fig. la) ; cells from the fourth digest (120 min) were a mixture of epithelial cells of a more polymorphous phenotype and stromal keratocytes, while the fifth digest (150 min) generally produced keratocytes which overgrew any epithelial cells present (Fig.lb) .
Growth Assays
Cells from confluent cultures were removed from the flasks by trypsinisation. After cen trifugation (1,000 rpm for five minutes) the cells were resuspended in DMEM + 10% FCS and counted on a haemocytometer. The sus pension was then diluted to the appropriate concentration. During seeding the cells were maintained in suspension by vortex mixing. This guaranteed a uniform seeding density. The cells were pipetted into collagen-coated multiwell plates and placed in a gassed (5% CO 2 ), humidified incubator at 37°C. After 24 hours the medium was changed and the number of adherent cells was counted. The cells were therefore exposed to the relevant conditions after plating down thus avoiding the possible effects on plating efficiency. This count formed the initial population number No. All cell counts represent the mean (± standard error) of triplicate cultures.
Gompertz Growth Function
In order to quantify cellular proliferation the Gompertz growth function (equation 1) was fitted to the data:
where Nt=number of cells at time t, No=initial number of cells, A=growth rate constant and r=retardation constant.
At t�oo this simplifies to:
and from this it follows that the maximum number of population doublings is:
An iterative algorithm for minimising the sum of the square of the residuals was used to obtain the best fit of equation 1 to the data with A and r as the variable parameters. The maximum population doubling level was cal culated by inserting these values into equation 3. In this manner absolute values of the growth parameters could be compared between cultures exposed to different culture conditions. This approach has been exten sively used in both normal and neoplastic growth in many types of tissue.4-8
Conditioned Medium
Bovine corneal keratocyte conditioned medium. The medium was removed from con fluent cultures of bovine corneal keratocytes. The cultures were washed twice with DPBS to remove all trace of serum. and placed in DMEM containing insulin (25 flg/ml) and transferrin (5 flg/ml). This serum-free medium is referred to as DMEIT. The cul tures were incubated in DMEIT for two days, whereupon the medium was withdrawn, fil tered (0.2 flm) and frozen (-20°e).
Bovine corneal epithelial cell conditioned medium. Medium was removed from con fluent cultures of bovine corneal epithelial cells. The cultures were washed twice as above and the medium replaced by DMEIT. After two days the medium was withdrawn, filtered and frozen. It was found that epi thelial cells could be maintained in this serum free medium but would not undergo more than one division cycle (Cruwys and Jacob, unpublished data).
Thymocyte Assay
An assay based on that described by Luger et aU was used. Briefly, single cell suspensions of mouse thymocytes were prepared by gently pressing the thymus through a nylon gauze. The cells were washed once and resuspended at 1.5x 107 cells/ml in complete RPMI medium. Thymocytes were cultured for 72 hours at 1. Table l ). The solid lines are the best fit of the Gompertz equation to the data. The cells (2nd passage) were seeded at a density of 6. 6 x 1 {)3 ml-I and the plating density was assessed after 24 hours (t= 1 on graph). This number was taken as the initial number of cells (No) . The points represent the mean ± standard error (5E) of triplicate cultures.
fold, placed in scintillant (Packard Scintillator 229) and the radioactivity was determined in a liquid scintillation counter (Beckman). The results are expressed as the mean (± standard error) less background of triplicate cultures.
Terminology
All cells used in this study were from the bovine cornea (with the exception of the mouse thymocytes). In the rest of the text we will refer to keratocytes and corneal epithelial cells without reference to the species rather than use abbreviations.
Results
Effects of corneal epithelial-conditioned medium on the growth of keratocytes The proliferation of keratocytes followed exponential kinetics for an initial phase level ling off to a plateau at five days (Fig. 2) . No effect was observed on the growth of those cells exposed to epithelial-conditioned medium compared to the control cultures. From fits of the Gompertz growth function (equation 1) to the data, neither the ratio A/r (growth rate/retardation rate) nor the maxi mum population doubling levels (PDLmax) were found to differ significantly (Table I) .
Effect of keratocyte-conditioned medium on the growth of corneal epithelial cells All experiments were performed on cells from the outer layers of the cornea. This was achieved by using a sequential digestion tech nique (see Materials and Methods). These cells had the typical epithelial morphology illustrated in Fig. 1a . All epithelial cells exposed to keratocyte conditioned medium exhibited enhanced growth compared to controls (Fig. 3 ). An interesting and unexpected result was observed with a reduced level of FCS. Those cells exposed to conditioned medium with 1 % FCS underwent a greater number of popula tion doublings than those with 5% FCS imply ing an inhibitory influence of the FCS. In both those cells grown in 1% and 5% FCS, the conditioned medium resulted in higher values Table I . medium. The cells (3rd passage) were all seeded in DMEM+ 1% FCS, counted after 24 hours and re-fed with the appropriate test conditions. The control cells (circles) were grown in unconditioned medium throughout. The arrows on the time axis indicate when the keratocyte-conditioned medium (DME1T 3 days on 2nd passage keratocytes) was added; at t=1 day (triangles), t=3.5 days (squares) and t=7 days (diamonds) respectively. Cells were re-fed every three days and each point represents the mean (± SE) of triplicate cultures.
for the growth/retardation constant ratio and PDL (Table I) . Also apparent from Table I is the fact that, under the same conditions, keratocytes grow faster than corneal epithelial cells. The growth potential in the epithelial cells is increased to the same level as that of the keratocytes by exposure to keratocyte-con ditioned medium.
Stimulation at different stages of the growth curve
Stimulation of corneal epithelial cells by keratocyte-conditioned medium was greater the earlier the stimulus was applied (Fig. 4) . Thus those cells exposed to keratocyte-con ditioned medium from day one achieved a higher PDL than those cells exposed at day 3.5 and day seven. Those cells exposed to the conditioned medium at day seven, close to the plateau phase, only marginally exceeded the PDL of the control cultures. In the exponen tial phase of the growth curve, most cells will be in the cell cycle and during this phase their growth rate can be enhanced by keratocyte derived factors. At the plateau phase, cells exit from the cell cycle and are no longer amenable to stimulation.
Dose response of epithelial cells to keratocyte-derived factor(s)
In order to determine whether the stimulatory effect of keratocyte-conditioned media was a genuine pharmacological phenomenon, we measured the degree of stimulation over a range of dilutions of the keratocyte-con ditioned medium. The resulting dose response curve is given in Fig. 5 . Cell pro liferation was measured in the absence of con ditioned medium and with an increasing proportion of conditioned medium, up to 100%. The linear increase in growth stimu lation in response to an increasing proportion of conditioned medium confirms the pharma cological nature of the phenomenon and the lack of a plateau shows that the factor(s) responsible for the stimulation was not suffi ciently concentrated, even at 100% con ditioned medium, to achieve a maximum response.
Thymocyte stimulation
It has been shown previouslyJ that corneal epithelial cells secrete a factor, particularly when actively dividing, that stimulates the proliferation of thymocytes. This factor has been named corneal epithelial-derived thy mocyte activating factor (CETAF). It is thought that this factor is secreted in condi tions of stress, particularly after corneal damage, and that it is important in wound healing. Having demonstrated that corneal keratocytes secrete a factor(s) that stimulates corneal epithelial cell proliferation we wanted to know whether this factor also stimulated thymocyte proliferation. We first confirmed the findings of Grabner et aP and Luger et aP that corneal epithelial cells do indeed secrete a factor(s) capable of stimulating the pro liferation of thymocytes (Fig. 6) . The first column (A) represents the control case of no thymocyte stimulation (unconditioned medium), while those thymocytes in the second column (B) were exposed to medium that had been previously conditioned by cor neal epithelial cells. These thymocytes exhibited a large and significant incorporation of labelled thymidine thereby demonstrating the mitogenic property of the epithelial derived factor ( s). In contrast, keratocyte conditioned medium, which stimulated epi thelial cell proliferation, failed to stimulate thymocyte proliferation (Fig. 6, column C) . Thus, epithelial-derived factor (CETAF) stimulated proliferation in thymocytes but not keratocytes and keratocyte factor(s) stimu lates proliferation in epithelial cells but not thymocytes.
Discussion
In this study of growth control in the bovine cornea it is demonstrated that growth factor( s) secreted by keratocytes will only stimulate G1 epithelial cells, that is, epithelial cells in the cell cycle. The stimulatory effect of this factor(s) decreases as cell proliferation decreases. The observation that those epi thelial cells exposed to reduced levels of fetal calf serum (FCS) underwent a greater number of population doublings implies an inhibitory effect of FCS. This has been observed by Jacob7 in human lens epithelial cells. It can be accounted for by application of the Gompertz growth function which invokes both a growth constant and a retardation constant: a com bination that allows for self-inhibitory growth regulation. The growth rate constant was indeed higher in high levels of FCS (see Table  J ) but so also was the retardation rate. The resultant decrease in the Air ratio (from 2.4 in 1 % FCS to 1.5 in 5% FCS) means that the cells achieve fewer population doublings. These theoretical parameters may have real counterparts in the form of inhibitory factors. For example, these factors may be secreted at a greater rate the faster cells divide or they may be produced at a constant rate but lost by diffusion or breakdown and rapidly dividing cells would receive a greater exposure. The mitogenic effect of keratocyte factor(s) on epithelial cells is not reciprocal, epithelial derived factors do not stimulate proliferation in keratocytes. And, while keratocyte derived growth factor(s) stimulates prolifera tion in Gj epithelial cells it does not stimulate thymocyte proliferation.
These results suggest that, in the process of wound healing in the cornea, epithelial cells will be stimulated to proliferate by non-pro liferating keratocytes as long as they remain in G1• The keratocytes can be stationary or dividing since they produce mitogenic factors in both states. Epithelial cells will continue to divide until such time as they become contact inhibited when they will enter Go and leave the cell cycle. While the epithelial cells are proliferating they increase their secretion of a factor(s) that stimulates the immune response by activating thymocyte proliferation.
Thus wounding effectively lifts an inhibitory influence on the corneal epithelium rendering it amenable to mitogenic stimu lation by the stormal keratocytes and setting in train a series of events that lead to wound closure and activation of the immune response.
